Abstract: Crystal structures, chemical (including light elements) and spectral data (optical and Mössbauer spectroscopies) were used to characterize coloured (brown, pink, green) tourmalines from three granitic pegmatites from the Moldanubian nappes (Königsalm, Maigen and Blocherleitengraben; Lower Austria). The tourmalines can be classified as fluor-schorl, schorl, foitite, magnesiofoitite, olenite and ''fluor-elbaite'' with varying Li contents, up to $1.2 wt% Li 2 O. Coexisting minerals are quartz, plagioclase (up to An 7 ), microcline, garnet (spessartine-almandine), muscovite, biotite (annite), very rare lepidolite, apatite, monazite-(Ce), xenotime-(Y), allanite-(Ce) and zircon. On the basis of Sm-Nd (garnet, monazite), U-Th-Pb, and U-Pb ages (monazite), the pegmatites crystallised during the Variscan tectonometamorphic event in the Visean (339 AE 4 Ma Maigen, 332 AE 3 Ma Königsalm). These ages are in the range of the earliest intrusions of the South Bohemian pluton (Rastenberg type durbachites). However, on the basis of the spatial relationship of the pegmatites and the Rastenberg type intrusions, a linkage of the intrusive body and the pegmatites is unlikely. Alternatively, the pegmatites may have evolved as granitic pegmatitic melts during decompression from the surrounding country rocks in the frame of exhumation of the Moldanubian nappes after the peak of the Variscan metamorphism.
Abstract: Crystal structures, chemical (including light elements) and spectral data (optical and Mössbauer spectroscopies) were used to characterize coloured (brown, pink, green) tourmalines from three granitic pegmatites from the Moldanubian nappes (Königsalm, Maigen and Blocherleitengraben; Lower Austria). The tourmalines can be classified as fluor-schorl, schorl, foitite, magnesiofoitite, olenite and ''fluor-elbaite'' with varying Li contents, up to $1.2 wt% Li 2 O. Coexisting minerals are quartz, plagioclase (up to An 7 ), microcline, garnet (spessartine-almandine), muscovite, biotite (annite), very rare lepidolite, apatite, monazite-(Ce), xenotime-(Y), allanite-(Ce) and zircon. The chemical composition of the Fe 2þ -rich tourmaline samples (up to $1.0 wt% TiO 2 ) varies from fluorschorl, with a ¼ 15.987(2), c ¼ 7.163(2) Å to X (& 0.63 
Introduction
Tourmaline is a silicate mineral group with a highly complex crystal structure and a large variety of chemical compositions. The general chemical formula of the tourmalinegroup minerals is X Y 3 Z 6 [T 6 O 18 ] (BO 3 ) 3 V 3 W . Because of the potential of tourmaline to incorporate numerous elements, detailed characterisation requires several different investigations (electron microprobe, optical, crystal structure refinement, and Mössbauer spectroscopic measurements) that sometimes yield surprising results.
The composition of tourmaline is dependent on the temperature and pressure as well as the chemical composition of the magmatic or metamorphic environment where the tourmaline formed (e.g., Henry & Dutrow, 1996; Ertl et al., 2010a and b) . Therefore the composition bears information that is essential to resolve many petrological questions. When tourmaline crystallises from pegmatitic melts, the relation of the tourmaline crystal chemistry to the composition of the parent melt is not well understood. However, the complex zoning of tourmalines reflects the evolution of the pegmatitic melt which may change rapidly by processes such as fractional crystallisation, mixing of melt fractions, or interaction with the wall rock (e.g., Ertl et al., 2010c) .
In the last decades, pink-to-green coloured tourmalines were found in several pegmatites of granitic composition occurring in the southern part of the Bohemian massif in Lower Austria. The pegmatits are situated in the Moldanubian nappes, which formed during the Variscan tectonometamorphic event in Carboniverous times. From the Moldanubian nappes only Mn-rich and Li-bearing, pink-brown to yellow-brown tourmaline from a pegmatite of the Drosendorf unit, near the village Eibenstein an der Thaya (Ertl et al., 2003a (Ertl et al., , 2004b has been described in detail until now. The host pegmatite crystallised at 337 AE 4 Ma and is characterised by initial Sr and Nd isotopic ratios that do not fit the contemporaneous granitic intrusions of the Bohemian massif.
In this paper, we examine the crystal structure, chemistry, and spectroscopy of coloured tourmaline and chemical data of coexisting minerals from three additional granitic pegmatites from the Moldanubian nappes. They are located at Königsalm, Maigen and Blocherleitengraben, in the area northwest of Krems an der Donau (Lower Austria). Additionally, we determined the time of crystallisation of two of the investigated pegmatites by Sm-Nd analyses on garnet, feldspar, monazite and xenotime and by a chemical U-Th-Pb monazite age. On the basis of mineralogy, chemistry, and the crystallisation ages, the evolution of the pegmatites is discussed in the framework of the geodynamic history of the Bohemian massif.
Regional geology
The southern part of the Bohemian massif was consolidated during the Variscan tectonometamorphic event (380-300 Ma) and comprises the Moravo-Silesicum and the Moldanubicum ( Fig. 1; e.g., Fuchs & Matura, 1976; Klötzli et al., 1999; Neubauer & Handler, 2000; Finger et al., 2007) . The nappes of the Moravo-Silesicum (Moravian nappes) are composed of crustal material with a Cadomian imprint (at ca. 600 Ma), and show a greenschist to amphibolite facies Variscan metamorphic overprint. The Moldanubicum is overlying with a westdipping thrust plane. It can be subdivided into the Moldanubian nappes, the Bavarian massif and the South Bohemian Batholith (Fuchs & Matura, 1976; Finger et al., 2007) . The Moldanubian nappes show a succession from bottom to top (Fig. 1b) : the Ostrong nappe built up mostly by paragneisses (''Monotonous Series''), the Mühldorf nappe composed of the Drosendorf unit (''Varied Series'') and the Dobra orthogneiss, the Gföhl nappe comprising the Gföhl orthogneiss as well as paragneisses and amphibolites (Raabs unit), and the uppermost Granulite nappe built up by granulites with lenses of basic and ultrabasic rocks (Neubauer & Handler, 2000) . Variscan metamorphism within the Moldanubian nappes is polyphase and reached amphibolite, granulite and partly eclogite facies conditions (Carswell, 1991; Carswell & O'Brien, 1991 Petrakakis, 1997) . Post nappe stacking, the South Bohemian Batholith intruded the Moldanubian nappes in Late Carboniferous time between 335 and 300 Ma. The latter can be subdivided in a sequence of several intrusive suites, including I-type and S-type granites. Towards the west, the Moldadanubian nappes show an intense, high-temperature (HT), low-pressure (LP) overprint with migmatisation and the formation of S-type intrusions at 325-320 Ma. The internal structure is obscured in this part, which is referred to the Bavarian massif (Fuchs & Matura, 1976; Finger et al., 2007; Linner, 2007) .
The tectonic evolution of the Variscan orogen in central Europe is complex and contains many open questions. A recent summary is given in Kroner et al. (2008) . An interpretation of the geology in the southern part of the Bohemian massif can be found in Finger et al. (2007) . The early stages of nappe stacking in the Moldanubicum are documented by relics of a pressure-dominated metamorphism. Prince et al. (2000) and Svojtka et al. (2002) reported Sm-Nd garnet ages of 354 AE 6 Ma. These garnets are interpreted as high-P and high-T phases formed during the granulite evolution. Peak metamorphism occurred just before the termination of the Intramoldanubian nappe stacking at about 340 Ma. After that, a strong LP-HT regional metamorphism at about 340-335 Ma occurred, which may be an expression of increased mantle heat flow after slab break-off (Finger et al., 2007) . Medaris et al. (1990) summarised the available Sm-Nd ages of peridotites and associated HP mafic rocks from the Gföhl nappe. The garnet peridotites constrain ages of 339 AE 10 Ma, and garnet pyroxenite and eclogites yielded similar Sm-Nd ages of 336 AE 7 Ma, interpreted as high temperature cooling ages. Intramoldanubian nappe-stacking is postdated by the intrusion of the South Bohemian Pluton that took place between 335 and 300 Ma , and by the thrusting of the Moldanubian nappes onto the foreland in the east, which caused the formation and incorporation of the Moravian nappes into the Variscan orogen. In the western part of the Bohemian massif, an event of intense migmatisation and anatectic melting affected the Moldanubian nappes at 325-320 Ma (Tropper et al., 2006) , causing the formation of the Bavarian massif. On the basis of Ar-Ar and Rb-Sr mica ages, regional cooling of the Moldanubicum is earlier in the east and becomes younger towards the west. At the margin towards the Moravian nappes, Ar-Ar muscovite ages of about 325 Ma have been measured, whereas at the southwestern margin of the Bohemian massif ages decrease to less than 300 Ma (Dallmeyer et al., 1992; Frank & Scharbert, 1993) .
Description of the investigated pegmatites
The pegmatites investigated during this study are from a relatively small area (7 Â 14 km) northwest of Krems an der Donau (Lower Austria). Two of the pegmatites are situated within the Gföhl nappe, which consists of the Gföhl orthogneiss and associated paragneisses, and the amphibolites of the Raabs unit. The orthogneiss developed from Ordovician acidic volcanic rocks (Frank et al., 1990; Klötzli et al., 1999) . The third pegmatite is embedded in paragneisses and calc-silicate rock of the Drosendorf unit (''Varied Series'') that build up the Mühldorf nappe.
Pegmatite Königsalm
The Königsalm pegmatite (WGS84 N 48 28 0 21 00 /E 015 31 0 09 00 ), located $3.5 km northwest to the village Senftenberg, is embedded in Gföhl orthogneiss of the Gföhl nappe. A quarry (left open) is situated in the more than 10 m thick pegmatite lens which shows discordant contacts to the country rocks. Tourmaline occurs in black, pale-blue, pale-green, brownish, and pink colours. To date, only the pale-blue to pale-green tourmaline, which occurs as thin fibres (tourmaline-asbestos; Meixner, 1981) , has been investigated by Ertl (1995) . Based only on the lattice parameters of a ¼ 15.926(2) and c ¼ 7.198(1) Å , this tourmaline was identified as a dravite. With respect to the colour, black tourmaline was identified as schorl by Sigmund (1937) . It forms crystals up to $17 cm in length and $8 cm in diameter that have been found in pockets Blocherleitengraben; E, Eibenstein). A section according to Matura (2003) is also shown.
Li-bearing tourmalines in Variscan pegmatites from Lower Austria 697 (Niedermayr, 1969) . Pink coloured, translucent tourmaline that occurs as small columnar crystals was also mentioned by Sigmund (1937) . Associated minerals are quartz (also as smoky quartz crystals in pockets, up to $25 cm in lengths), microcline, albite, muscovite, biotite, pale-green and colourless apatite (Himmelbauer, 1929; Sigmund, 1937) , ilmenite, yellowish-brown to greenish-brown xenotime (Meixner, 1965; Niedermayr, 1969) , reddish-brown monazite, zircon (Kontrus & Niedermayr, 1969) , spessartine-almandine, zoisite (Niedermayr, 1969) , pale-pink apatite (found in pockets, crystals up to 4 cm in diameter), ferrocolumbite (Koller, 1974) and rose quartz (Huber & Huber, 1977) . In some zones, biotite occurs as 0.2-2 mm thick books up to 10 cm wide, intergrown with feldspar and muscovite flakes up to 5 mm wide. In these zones, millimetre-sized idioblastic monazite and xenotime often occur at the interfaces between biotite and feldspar. Garnet is present as idioblastic crystals within the pockets, but is more frequent within feldspar and quartz-rich domains. Sometimes it occurs in up to 3 cm aggregates composed of garnet and quartz, within a mass of yellowish feldspar.
Pegmatite Maigen
The pegmatite at the small village of Maigen (WGS84 N 48 26 0 25 00 /E 015 24 0 44 00 ), near the village Weinzierl am Walde, is embedded in a biotite-bearing paragneiss of the Gföhl nappe. The pegmatite lens with $15 Â 20 m in size occurs in a cornfield (called ''Tannfeld''). Tourmaline occurs in black, pale-green to dark-green, and rarely pale-pink colours. Black tourmaline was identified as schorl and the coloured tourmaline as Mn-bearing elbaite and olenite (based on lattice parameters and semi-quantitative chemical data, without F, B, Li, or H analyses; Ertl, 1995) . Associated minerals in this pegmatite are quartz, albite, apatite (pale-blue, green, colourless), stilbite (Kappelmüller, 1994) , K-feldspar, spessartine-almandine, muscovite and lepidolite (associated with pink elbaite), which rarely occurs in crystal aggregates up to $1 cm in size (Ertl, 1995) . Crystals of dark-green tourmaline, intergrown with quartz and feldspar, can reach $3 cm in length and $1.5 cm in diameter, whereas pale-pink elbaite reaches up to $2 cm in length and $1.5 cm in diameter (Ertl, 1995) . The largest elbaite crystals from Austria have been found at this locality. Garnet is present as millimetresized crystals intergrown with feldspar and quartz.
Pegmatite Blocherleitengraben
The pegmatite in the upper Blocherleitengraben (WGS84 N 48 23 0 42 00 /E 015 24 0 05 00 ) crops out in the Miesling valley, $4 km to the north of the village Spitz. This pegmatite is situated in the Mühldorf nappe, embedded in paragneisses and calc-silicate rock of the Drosendorf unit (''Varied Series''). Pegmatite blocks up to 5 m 3 in size occur in the wood in an area of several hundred m 2 . Tourmaline occurs in black, red (Knobloch, 1982) , greenish-brown, reddish-brown and pink colours (Ertl, 1995) . Black tourmaline was identified as schorl and coloured tourmaline (reddish crystals reach up to 3 Â 8 mm in size) in small miarolitic cavities was identified as elbaite (based on lattice parameters and semi-quantitative chemical data, without F, B, Li, or H analyses; Ertl, 1995) . Associated minerals in this pegmatite are quartz (crystals up to a few cm), albite, biotite, pyrite, magnetite (Kappelmüller, 1994) , orange-coloured spessartine (up to $2 cm in diameter), K-feldspar, montmorillonite and zircon (Ertl, 1995) . Pyrophanite exsolution lamellae (up to $20 mm in length) in magnetite and also pyrophanite (in size of $60 mm) intimately intergrown with spessartine and magnetite were also described (Hehenberger, 1996) .
3. Sample selection and analytical techniques 3.1. Sample selection Pegmatite samples that were collected in 1980 at Königsalm show miarolitic cavities up to $1 cm in diameter, which contain, in addition to small albite crystals, black-to-brownish tourmaline crystals up to $5 mm in length. One brownish tourmaline crystal $230 Â 300 mm in size (TK12) was separated and used for structure characterisation and subsequent chemical analyses. In similar pockets, tourmaline crystals up to $1 cm in length and up to $1 mm in diameter were found in 2000. These crystals show pink zones and split in several parallel brownishgreen needles with a diameter of $50 mm. Crystal fragments of the pink (TK3; 200 Â 250 mm) and the brownishgreen zone (TK42; 50 Â 130 mm) were separated for further investigations. For Sm-Nd age determinations, garnet and feldspar were separated from a sample (EK1) consisting of ca. 2 cm aggregates of garnet and quartz within a matrix of massive, slightly yellowish feldspar. Idioblastic monazite and xenotime crystals, each about 1.5 mm in size, were taken from sample EK2 composed of centimetre sized biotite books intergrown with feldspar and muscovite. Some of these crystals were used for U-ThPb and U-Pb age dating.
Samples from the pegmatite collected in 1988 at Maigen contain coloured tourmaline crystals intergrown with feldspar and quartz. Crystal fragments were separated from a dark green tourmaline crystal $1.5 Â 4 mm in size (MAG; 200 Â 200 mm), and from the rim of a pale-pink tourmaline crystal $5 Â 8 mm in size (MAP12; 180 Â 180 mm). In 1994, small miarolitic cavities (a few cm in diameter) with black tourmalines and smoky quartz crystals were found in this pegmatite. The rim of a black tourmaline, 9 Â 13 mm in width and 8 mm in length, well crystallised, with the prismatic forms {10-10}, {11-20}, pyramidal forms {01-12}, {10-11}, and {0001} (pedion), was separated for investigations (MASR; 250 Â 500 mm). Garnet and feldspar for Sm-Nd analyses were separated from sample EM1, which consists of xenoblastic garnet up to 1 mm in diameter, plagioclase and quartz.
In the pegmatite at Blocherleitengraben, tiny miarolitic cavities with tourmaline crystals were found in 1982. Here we investigate a $1 mm rim, consisting of a pink (outside rim; BLP1; 200 Â 250 mm) and a greenish-brown zone (BLG1; 200 Â 500 mm), grown over a schorl crystal ($2 cm in diameter). Most of the schorl crystal is embedded in quartz; only a small part ($5 Â 5 mm) was growing inside the cavity and overgrown by the described coloured tourmaline. Nd isotopic data were measured on a single feldspar crystal (sample EB1).
Crystal structure
Tourmaline crystals were mounted on a Bruker Apex CCD diffractometer equipped with graphite-monochromatic MoKa radiation. Refined cell-parameters and other crystal data are listed in Table 1 . Redundant data were collected for an approximate sphere of reciprocal space, and were integrated and corrected for Lorentz and polarisation factors using the Bruker program SAINTPLUS (Bruker AXS Inc. 2001). The structure was refined using the tourmaline starting model and the Bruker SHELXTL V. 6.10 package of programs, with neutral-atom scattering factors and terms for anomalous dispersion. Refinement was performed with anisotropic displacement parameters for all non-hydrogen atoms. Atomic parameters are listed in Table 2 , anisotropic displacement parameters in Table S1 , freely available online as Supplementary Material linked to this article on the GSW website of the journal, http://eurjmin.geoscience world.org/. and selected interatomic distances in Table 3 .
Chemical analyses
The tourmaline single crystals and crystal fragments used for the structure refinement were prepared as a section (polished on one side of the samples) for chemical analysis.
Concentrations of all elements except B, Li, Be, and H were determined with a Cameca SX51 electron microprobe (EPMA) equipped with five wavelength-dispersive spectrometers (Universität Heidelberg). Concentrations of H, Li, Be and B were determined by secondary ion mass spectrometry (SIMS) with a CAMECA IMS 3f ion microprobe (Universität Heidelberg). All analytical details are given in Ertl et al. (2009) . Table 4 contains complete chemical-analytical data for the tourmalines.
For an independent determination of the OH content of the tourmaline samples TK3 and TK42, $14 mg of these samples were used for thermogravimetric analysis (TGA), which was performed on a Mettler-Toledo TGA/SDTA 851 instrument (Universität Wien). The powder was heated from 25 C to 1100 C (5 C/min) under a stream of N 2 gas (gas flow: 25 ml/min).
X-ray energy dispersive (EDS) analyses of feldspar, garnet and mica were obtained with an analytical SEM (JEOL-JSM 6400 equipped with a KEVEX detector) at the Mineralogisch-Petrographische Abteilung, Naturhistorisches Museum, Wien, Austria. Representative EDS analyses of these minerals are given in Tables S2 and S3 . À0.00 (2) 0.04 (3) À0.01 (1) À0.33 (6) À0.08 (11) À0.38 (6) À0.04 (13) 'Observed' refls. Li-bearing tourmalines in Variscan pegmatites from Lower Austria 699 Table 2 . Positional parameters and U equivalent for atoms of tourmalines from the Moldanubicum, Lower Austria. Definition for U eq see Fischer & Tillmanns (1988) .
Li-bearing tourmalines in Variscan pegmatites from Lower Austria 701
Sm-Nd isotope analysis
Garnet (50-100 mg) and plagioclase (100-250 mg) used for isotope analyses were hand-picked under a binocular microscope from defined sieve (0.20-0.30 mm) and magnetic fractions. For monazite and xenotime, single crystals, each about 10 mg in weight, were used. To remove surface contaminants, all fractions were washed in acetone and (5) wt%; TK3, 3.66(10) wt%; MAG, 3.57(2); MAP12, 3.14 wt%; BLP1, 3.24 wt%. The H 2 O value of TK3 and TK42 was also determined by TGA (3.58 wt%) on a bulk analysis of the whole crystal (TK3 and TK42). 2 B 2 O 3 calculated with the procedure (formula for the calculation of the T-site occupants) described by Ertl et al. (2007) .
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A. Ertl et al. water before decomposition. Additionally, garnet was leached in 2.5 N HCl at ca. 80 C for 30 min. Chemical sample preparation for Sm-Nd isotope analyses was performed at the Geological Survey of Austria, following the procedure described by Sölva et al. (2005) . The measurements of the isotopic ratios were performed at the Department of Lithospheric Research at the Universität Wien. Spiked Sm and Nd ratios were determined on a FinniganÒ MAT 262 magnetic sector thermal ionisation mass spectrometer (TIMS), whereas unspiked Nd ratios were analysed on a ThermoFinniganÒ Triton TI TIMS. Overall blank contributions were 0.2 ng for Nd and Sm. Nd ratio are AE2 % or smaller, as determined on the basis of iterative sample analysis and spike recalibration. Isochron ages were calculated with the software ISOPLOT/Ex (Ludwig, 2003) .
Monazite and xenotime chemical analyses were performed on a Jeol JX 8600 microprobe following the routine established at the Abteilung Mineralogie, Universität Salzburg. The routine involves a complete wavelength dispersive (WD) analysis for elements Si, P, La, Ce, Pr, Nd, Sm, Gd, Dy, Er, Yb, Y, Th, U, Ca and Pb. A detailed description of standards, element lines, counting times, background positions, background, and interference corrections used in the Salzburg microprobe laboratory for monazite and xenotime analysis is given in Krenn et al. (2008) . Chemical Th-U-Pb ages for monazite were calculated following the method of Montel et al. (1996) (Table  S4 ). The analytical errors of a point analysis typically correspond to a $10-30 Ma error on the age (1 s). A weighted average age with reduced error can be calculated from a larger number of measurements in coherent age domains.
U-Pb laser-ablation MC-ICP-MS analysis
Six fragments of large monazite crystals were mounted in a one-inch epoxy resin disk, ground, and polished to thinsection quality. Internal structures were revealed using back-scattered electron imaging using a Jeol 6400 SEM at the Department of Lithospheric Research, University of Vienna. These images were used to select homogeneous parts of crystals suitable for laser-ablation MC-ICP-MS dating and to detect mineral zonation, inclusions and other impurities. Monazite in situ Pb ages were determined using a 193 nm solidstate Nd-YAG laser (NewWave UP193-SS) coupled to a multi-collector ICP-MS (Nu Instruments HR). Ablation in a He atmosphere was raster-wise, avoiding any imperfections of the crystal according to BSE zonation patterns. Line width for rastering was 5 mm with a rastering speed of 5 mm/s and a raster length of 50 mm. Energy densities were 5-8 J/cm 2 with a repetition rate of 10 Hz. Ablation duration was 20-50 s with a 40 s gas and Hg blank measurement immediately preceding ablation. Mass bias and mass fractionation corrections were made using an in-house monazite standard (Rastenberg RGB; Friedl et al., 1993) . The standard monazite was also used as a secondary standard during the course of the analytical session. The overall accuracy and precision for the method derived from these measurements are 2 % and 1 %, respectively (2RSD, 15 measurements). For more analytical details, see Klötzli et al. (2009) . Final statistics and age calculations were made using Isoplot (Ludwig, 2003) (A table of these data is available from the GSW website or from the first author). Errors shown are all at the 2-s level.
Mössbauer analysis
Approximately 30 mg of each tourmaline (samples TG12 and MASR) were crushed to a fine powder under acetone and mixed with sugar before mounting in a sample holder confined by Kapton Ò polyimide film tape. The resultant sample thicknesses were well below the thin absorber thickness approximation of Long et al. (1983) . Room-temperature Mössbauer spectra were acquired to determine Fe Co in Rh was used on a WEB Research Co. spectrometer. Run time for each spectrum was $48 h. Results were calibrated against a-Fe foil of 6 mm thickness and 99 % purity. In the absence of any data on recoil-free fractions for Fe in different sites and valences in the tourmaline structure, peak areas were assumed to correspond directly to the abundance of the species in the sample. The error on %Fe 3þ in these samples is estimated at AE1-3 % absolute. The error on site assignments (i.e., on the distribution of areas among sub-distributions of Fe on a single site, such as [Y] Fe 2þ ) is approximately AE5-15 %. Spectra were processed using the DIST_3D program, an implementation of software described in Wivel & Mørup (1981) . The program uses quadrupole splitting distributions with Lorentzian lineshapes and an assumed average correlation between the isomer shift and quadrupole shift in each of two valence states. Widths, isomer shifts and quadrupole splittings of the doublets were allowed to vary. Errors on isomer shift and quadrupole splitting of well-resolved peaks are usually AE0.02 mm/s. However, this spectrum could only be fit with a combination of heavily overlapping doublets (Fig. 2) , so the errors are probably AE0.05-0.1 mm/s.
Optical absorption spectra
Polarised optical absorption spectra (Fig. 3) in the 380-1700 nm range were obtained at about 1.5 nm resolution with a microspectrometer system consisting of diodearray detectors coupled to a grating spectrometer system via fibre optics to a highly modified NicPlanÒ infrared microscope containing a calcite polarizer. A pair of conventional 10Â objectives was used as an objective and a condenser. In the 380-1050 nm range, a 1024-element Si array was used, and in the 1050-1700 nm range, a 256-element InGaAs array was employed. (Tables 1 and 4 ; detailed site occupancies of all tourmalines in Table 5 ). The assignment of the Z-site occupation is discussed below. Large black schorl crystals (up to $10 cm in length), intergrown with feldspar and quartz, have similar lattice parameters (a ¼ 15.993(2), c ¼ 7.169(2) Å ). Tourmaline crystals with pink (TK3, Fig. 4 ) and greenish-gray (TK42, Fig. 4 Tables 4  and 5 ). Dark-reddish-orange-coloured garnet (Grt1, up to $8 mm in diameter, Table S2 , Fig. 5 ), which has 53 mol% spessartine, 46 mol% almandine and 1 mol% pyrope, is associated with pure albite and muscovite, up to $3 cm in diameter (Fsp1, Table S2, Fig. 5 ; M1, Table S3 ). In the zones where the large biotite plates are associated with muscovite and perthitic feldspar, biotite has the formula K(Fe Table S3 , Fig. 5 ). Feldspar consists of a K-feldspar host with 85 mol% microcline, 13 mol% albite and 2 mol% anorthite (Fsp3; Table S2, Fig. 5 ) and albite exsolution lamellae (with 1 mol% anorthite and 1 mol% K-feldspar; Fsp4, Table S2 ). Associated muscovite (crystals up to $5 mm wide) has a composition of (K 0.9 Na 0.1 ) (Al 1.8 Fe (Table S5 ). Xenotime consists of 75 mol% xenotime-(Y) and 5-7 mol% xenotime-(Yb) (Table S5) . Additionally, pale-brown short prismatic crystals, up to $100 mm in size, found in a tiny pocket, were identified as allanite- (Ce) Table S5 ). Table S2 , Fig. 6 ) and microcline (Fsp6, Table S2, Fig. 6 ). Reddish-brown garnet (Grt2, up to $5 mm in diameter, Table S2 , Fig. 6 ), which has 56 mol% almandine, 36 mol% spessartine, 7 mol% pyrope and 1 mol% grossular, is associated with plagioclase An 8 (Fsp2 , Table S2 , Fig. 6 ).
Pegmatite Blocherleitengraben
The pink-coloured rim (BLP1) of a multicoloured tourmaline crystal (from a small pocket) is identified as a Mn-bearing, B-rich ''fluor-elbaite'' with formula $ X (Na 0. 
Mössbauer analysis of tourmalines
Resultant parameters of fits of Mössbauer spectra (Table 6 ; Fig. 2 ) are in general agreement with those reported in Dyar et al. (1998) . The first three doublets have parameters matching those for Fe 2þ at the Y site. The fourth doublet, which has an isomer shift of 0.80 mm/s in both spectra, lies in the range for electron-delocalised peaks, which Note: The V site is in all samples occupied with (OH) 3 , and the B site with $B 3 (details see Table 4 ). There is no clear evidence for small amounts of Ti 4þ at the Z site of sample BLP1. Table 6 . Although this fit is better numerically (w 2 ¼ 3.145), these are parameters usually associated with tetrahedral Fe 3þ in silicates and the structure refinement gives unequivocal support for the occupancy of Fe 3þ in the Z site. Thus the fit was repeated using constraints on the minimum isomer shift, resulting in the ''Maigen B'' parameters given in Table 6 , with an isomer shift of 0.30 mm/s that is more appropriate for Fe 3þ in octahedral coordination. The latter fit results in a higher (worse) w 2 value of 5.395, and the slight misfit of this model is apparent in Fig. 4 . The tetrahedral-like parameters for this doublet may suggest that the octahedron is distorted, with the Fe 3þ displaced off-centre, enough so it ''feels'' the effect of only the four closest oxygens in the 
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A. Ertl et al. octahedron. Both fits result in the same Fe 3þ content for the Maigen sample overall: $14 % Fe 3þ .
Colour and optical absorption spectra of tourmalines
The optical absorption spectrum of the pink foitite (TK3) from the Königsalm pegmatite shows strong dichroism with the maximum intensity in the E?c direction. The spectrum consists of sharp OH bands near 1400 nm in E//c, Fe 2þ bands in both polarisations at about 1100 and 750 nm, and a Fe 2þ -Ti 4þ intervalence charge transfer at about 440 nm (Smith, 1977; Mattson & Rossman, 1988) . The Mn 3þ absorption that occurs at 515 nm is apparent in elbaite (Reinitz & Rossman, 1988) , but poorly resolved in this region in the foitite spectrum. The striking difference in intensity between the E?c and E//c directions is due to the interaction of Fe 3þ with the Fe 2þ (Mattson & Rossman, 1987) . This interaction dramatically increases the intensity of the Fe 2þ absorption in the E?c direction. The striking dichroism between blue and pink in region TK3 occurs because the intensified Fe 2þ bands in the E?c direction confine most of the transmitted light to the blue portion of the spectrum, whereas in the E//c direction, the maximum transmission occurs in the 630 nm region (a weak bias towards the red portion of the spectrum). When viewed in polarised light in the E?c direction, region TK3 shows an inhomogeneous distribution of blue colour suggesting that the proportion of Fe 3þ is not uni-form. Nevertheless, an estimate of the amount of Fe 3þ in the tourmaline can be obtained using Fig. 6 of Mattson & Rossman (1987) which shows the difference between the intensity of the Fe 2þ bands in the two polarisations. Although not a rigorous calibration, the figure suggests that, in the region of the foitite where the optical spectrum was taken, about 3 % of the Fe 2þ is interacting with Fe 3þ . Using the 8.14 wt% FeO value and the calculated density of 3.12, this suggests that about 2.5 % of the iron is Fe 3þ , a value of similar magnitude to the average Fe 3þ proportion determined by the Mossbauer data of 5.5 %. The absorption spectrum also explains the dark colour of the tip of the crystal (brown region near the pink region of the crystal shown in Fig. 4) in the E?c direction. Here, the transmission of light in the blue region of the spectrum is blocked by absorption from the 
Geochronology and isotope geology
To determine the ages of the pegmatites, Sm-Nd analyses were performed on feldspar (EK1 Fsp), garnet (EK1 Grt), monazite (EK2 Mnz) and xenotime (EK2 Xen) from the Königsalm locality; from Maigen, albite (EM Fsp) and garnet (EM Grt) were analysed (Table 7) . Additionally, a chemical U-Th-Pb age was determined on monazite of sample EK2 (Table S4) Nd ratio of 0.1685, which is typical for feldspar. The garnet displays higher concentrations in Nd Nd ratio is 0.511964 AE 5 and corresponds to a e Nd(t ¼ 330 Ma) of -4.9. Calculation of an isochron including the minerals from both samples yields an age of 332 AE 3 Ma (Fig. 7a) . In situ laser-ablation U-Pb ages (62 values) on six different monazite crystal fragments are all concordant and identical within the assigned errors. The concordia age, calculated for all points, is 330 AE 4 Ma (Fig. 7c) .
A Th* versus Pb isochron diagram for monazite of sample EK2 is given in Fig. 7d . It is based on the analyses in Table S4 and defines a model isochron with a weighted average age of 334 AE 14 Ma. The model isochron calculated from the xenotime analyses with the highest Th and U contents yields a poorly constrained age (345 AE 26 Ma) that fits the age of the monazite. Nd ratio is 0.512008 AE 10 the (e Nd(t ¼ 339 Ma) is -3.8) (Fig. 7b) .
5. Discussion 5.1. Tourmalines, crystal structure, chemistry and correlations Several efforts have been made to address the Mg-Al disordering between the Y and Z site in the tourmaline atomic arrangement (Grice & Ercit, 1993; Hawthorne et al., 1993; Bloodaxe et al., 1999; Ertl et al., 2003b; Bosi & Lucchesi, 2004 . These authors demonstrated that Mg and Fe 3þ not only occupy the Y site but also the Z site in tourmaline. However, in many cases it is problematic to assign the cations in a way that the average ionic radius of the Y-site occupants fits the ,Y-O. bond length while the average ionic radius of the Z-site occupants simultaneously fits the The analyses define a model isochron (forced through zero) with a weighted average age of 334 AE 14 Ma (95 % c.l.).
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,Z-O. bond length. During the process of developing accurate formulae (using EMPA, SIMS and Mössbauer data) for tourmalines from the pegmatitic rocks described herein, we had similar difficulties. However, with Mg-rich tourmaline samples from the Rappold Complex of the Austroalpine nappes (Styria, Austria), Ertl et al. (2009) were very successful in developing accurate formulae. We attribute the difference to the varying T-site occupancy in the tourmalines from the Austroalpine nappes and the Moldanubicum, and suggest a relationship between T-site occupancy and the ,Z-O. bond length. Whereas all tourmalines from the Austroalpine nappes show a ,T-O. distance of 1.620 Å , the tourmalines from the Moldanubicum have varying ,T-O. distances in the range 1.614-1.623 Å . This variation is a result of a mixed occupancy of Si, Al and B at the T site in tourmalines from the Moldanubicum, whereas in the samples from the Austroalpine nappes the T site is exclusively occupied by Si (Ertl et al., 2009) . Hence, we checked the possibility of an influence of the ,T-O. bond length on the ,Z-O. bond length. To ensure that the Z site is occupied by Al 6 , only samples of the elbaite-olenite-rossmanite series were used (references see Fig. 8a ). A positive correlation was observed between the ,T-O. and ,Z-O. bond lengths in tourmalines where the Z site is occupied by Al 6 without significant amounts of Fe, Mn, Mg and Ti at the Z site (58 samples, R 2 ¼ 0.617; Fig. 8a ). This is not unexpected, because the TO 4 tetrahedron is connected through two oxygens (O6 and O7) to the ZO 6 octahedron. The influence of the ,T-O. bond length on the ,Z-O. distance (for a Z site that is only occupied by Al) can then be calculated as (1): ,Z-O. Al ¼ (,T-O. meas. þ 1.0439 Å )/ 1.3961 (Fig. 8a) . Using this formula, the ,Z-O. bond length for a T site only occupied with Si (corrected for the inductive effect of the varying ,T-O. bond length) could be calculated for all tourmaline samples from the Moldanubicum using the formula (2)
Al . The value of 1.9078(6) Å was calculated for a ,Z-O. distance for a Z site that is only occupied by Al and where the T site is only occupied by Si, as shown by using the average value of the ,T-O. bond lengths of tourmalines characterised by Ertl et al. (2010a) , because of the highquality structure refinements reported therein (R1 ¼ 0.013-0.015; standard deviations for ,T-O. are AE0.0007-0.0008 Å ). Finally, Z-site cations were assigned by optimising the relation between the ,Y-O. bond length and the average ionic radius of the Y-site occupants (Fig. 8b) and also between ,Z-O. calc. bond length and the average ionic radius of the Z-site occupants (Fig. 8c) . The final assigned formulae for both relationships show excellent R 2 values of 0.994-0.998 (Fig. 8b ) and 0.996 (Fig. 8c) . Although we have only a limited number of samples, the correlation for X-site vacancy-rich tourmalines (!0.4 vacancy per formula unit) shifts significantly towards a higher average ionic radius of the Y-site occupants. A possible explanation for this observation might be that the Y polyhedra share two oxygens (O2) with the X polyhedra (Table 3) . Octahedrally coordinated vacancies were assigned to the Y site as it was proposed in the larger octahedron by Fortier & Donnay (1975) , Foit & Rosenberg (1974) and proven by Ertl et al. (2006) . The final simplified formulae of the tourmalines from the Moldanubian nappes are given in the section Mineral compositions and the detailed site occupations are given in Table 5 .
To quantify Ertl et al., 2008b) . These authors assume that such a strong disorder derived from a relatively high temperature ($750 C) during crystallisation. All tourmaline samples which were used for the calculation of d Al-Mg are crystallised at low to medium pressure, the amount of Fe 3þ at the Z site is 1 % of a fully occupied site ( 0.06 apfu), MgO !3.0 wt%, FeO þ MnO 9.0 wt%. All these data would be consistent with the observation that the late-stage tourmalines from the Moldanubian nappes, Lower Austria, show significantly lower d Al-Mg values.
The reported value Ueq for O1 for samples TK12, MAP12, BLG1 and BLP1 is significantly larger than the reported values for the other oxygen atoms (Table 2) . Burns et al. (1994) observed the same feature in Mn-rich tourmalines and proposed that this could be related to positional disorder. A high negative correlation can be observed between the F content and the X-site vacancy in the tourmalines from the Moldanubicum (R 2 ¼ 0.930; Fig. 8d ). Similar correlations were described from Li-bearing tourmalines from Wolkenburg, Saxony, Germany, by Ertl et al. (2009) as well as from the Himalaya Mine, California, U.S.A., by Ertl et al. (2010c) ; stated that petrologic factors superimpose the local environment on F concentrations. They also suggested that, within crystallographic constraints, local mineral assemblages and fractionating magmas/fluids control the amount of F that can be made available for incorporation in tourmaline. Ertl et al. (2010c) found an excellent negative correlation between the F content and the temperature conditions of ultra high pressure (UHP) tourmaline formation (R 2 ¼ 0.97-1.00; chemical, structural data, respectively). We assume that temperature is also an important factor for the F incorporation in the tourmaline structure during crystallisation in low-to medium-pressure conditions. However, because of an increasing component of [4] Al, related to an increasing formation temperature (Henry & Dutrow, 1996) , such tourmalines might show a positive correlation between F content and the formation (Burns et al., 1994; Selway et al., 1998; Hughes et al., 2000; Schreyer et al., 2002; Ertl et al., 2003a Ertl et al., , 2004a Ertl et al., and b, 2005 Ertl et al., , 2006 Ertl et al., , 2007 Ertl et al., , 2008a Ertl et al., , 2009 Ertl et al., , 2010c Prowatke et al., 2003; Bosi et al., 2005a and b; Cempírek et al., 2006; Lussier et al., 2008, 2011a and b) . ( temperature when F is available for incorporation (Henry & Dutrow, 1996 , 2011 . The three investigated tourmalines from the Königsalm pegmatite display a negative correlation between the X-site vacancies and the content of [4] Al (R 2 ¼ 0.957). Tourmalines with higher X-site vacancies (magnesiofoitite, foitite) have almost no Al at the T site (Table 4) , which suggests formation temperatures ,450 C (Henry & Dutrow, 1996) . This would be in agreement with a proposed late hydrothermal origin (200-300 C) of magnesiofoitite and foitite Selway et al., 1999; Novák et al., 2004) . A highly positive correlation between [4] Al and (Fe 2þ þ Mn 2þ ) was found in tourmalines from the Himalaya Mine, California, U.S.A., by Ertl et al. (2010c) . This relationship suggests that increasing formation temperatures exist for tourmalines with increasing (Fe 2þ þ Mn 2þ ) contents. This is supported by a positive correlation between (Fe 2þ þ Mn 2þ ) and Ti in the tourmalines (R 2 ¼ 0.717) from the Moldanubian nappes. An increase in Ti as a function of increasing temperature (Thomson, 2006 ) is a trend observed in natural tourmaline. Another strong positive correlation in tourmalines (with FeO total 9 wt%) of the Moldanubian nappes was found between the Li and F content (R 2 ¼ 0.962; Fig. 8f ). Such a relationship is common, but is believed to be mainly dependent on petrologic factors (summarised by Ertl et al., 2010c) . Also, simultaneous crystallisation of lepidolite can result in a decrease in F content as a consequence of a preferential partition into lepidolite relative to tourmaline (Ertl et al., 2010c) .
A relation between the lattice parameter a and (Fe 2þ þ Mn 2þ ) content was noted by Ertl et al. (2010c) for samples from the schorl-elbaite solid solution from the Himalaya Mine, California. Another strong positive correlation, similar to that from the Himalaya Mine tourmalines, was found for all tourmalines from the Moldanubicum with 1.6 MgO and ,0.3 apfu [4] B (R 2 ¼ 0.977; Fig. 8g ). Hence, we believe that this correlation is of general usefulness for samples of the elbaite-schorl series with relatively low components of dravite, foitite and olenite, in which the olenite component is usually associated with the occurrence of [4] B (e.g., Ertl et al., 2007 Ertl et al., , 2008a .
Chemical characteristics of Li-bearing tourmalines in different types of pegmatites
Selway et al. (1999) investigated Li-bearing tourmalines from the Czech Republic and from Red Cross Lake, Manitoba (Canada), and found several correlations between the chemical composition of the tourmalines and the type of the hosting pegmatite. Elbaite from lepidolitesubtype pegmatites is Ca and Mn-poor (,0.03 apfu Ca and ,0.30 apfu Mn), whereas tourmaline from elbaite-subtype pegmatites is relatively Ca-and Mn-rich (,0.30 apfu Ca and ,1.1 apfu Mn). Schorl in lepidolite-subtype pegmatites has extensive X-site vacancies, whereas schorl in elbaite-subtype pegmatites is Na-rich. There is a positive correlation between Na, Mn and F in tourmaline from lepidolite-subtype pegmatites.
Results from this study are in agreement with those from Selway et al. (1999) if the pegmatites are classified on the basis of the associated Li-minerals: tourmaline from the lepidolite-bearing pegmatite at Maigen is poor in Ca (0.01-0.02 apfu; Table 4 ) but can become relatively Mnrich (up to 0.65 apfu Mn, elbaite MAP12; Table 4 ). Further, the schorl from the Maigen pegmatite is relatively rich in X-site vacancies (0.39 apfu, sample MASR; Table 4 ). In tourmalines from all investigated pegmatites of the Moldanubian nappes, a strong positive correlation (R 2 ¼ 0.935) was found between Na and F (Fig. 8h) . However, as already pointed out by Selway et al. (1999) 
Genesis of the pegmatites in the regional framework
The pegmatites described in this paper crystallised in the Visean. An age of 339 AE 4 Ma has been determined for the Maigen sample, whereas the data set for the Königsalm pegmatite needs further examination. The latter pegmatite can be subdivided into different domains with individual mineral compositions and mineral chemistries that might have crystallised from melt fractions with differing isotopic signature or at different times. The isochrons of samples from two different domains (EK1 and EK2) yield somewhat different ages, but the ages, as well as the initial Nd ratios, are the same within the errors. Because of this result, it is likely that there was an isotopic equilibrium within the whole pegmatite and the pooled isochron age of 332 AE 3 Ma appears to be meaningful. In addition, the chemical Th-U-Pb ages as well as the concordia age of laser-ablation U-Pb ages for monazite of sample EK2 are in the same age range.
These ages determined for the pegmatites of Königsalm and Maigen are in good agreement with other published data for pegmatites of the Moldanubian nappes. A pegmatite from Eibenstein, which is situated in the Drosendorf unit intruded at 337 AE 5 Ma (Ertl et al., 2004b) . For a potassic granulite, interpreted as a former pegmatitic dyke from the Moldanubian nappes (Gföhl nappe) at Plešovice (Czech Republic), an age of 337 AE 1 Ma was reported (Sláma et al., 2008) and for several other localities U-Pb ages on monazites of about 335 Ma were measured . On the basis of these data, pegmatite formation occurred in the Moldanubian nappes in the time span of 330-340 Ma.
The relationship between the genesis of the pegmatites and the South Bohemian Pluton is of interest. The intrusion sequence of the South Bohemian Pluton started with the coarse-grained peraluminous Rastenberg type durbachites (amphibole-biotite melasyenite to quartz melasyenite to melagranite with high K, Mg and Cr contents) at ca. 335 Ma, followed by Weinsberg type granites around 325 Ma . As suggested by the ages, the pegmatites may have crystallised from differentiated melts of the Rastenberg type durbachites. According to Holub (1997) and Janoušek et al. (2003) , the genesis of the latter is induced by processes in the mantle, including mantle delamination.
The initial e Nd values of the pegmatites from Königsalm (-4.9) and from Maigen (-3.8) are in agreement with this interpretation, whereas the initial e Nd value for the pegmatite of Eibenstein (-15.7; Ertl et al., 2004b ; recalculated value) is significantly higher. Conversely, there are no spatial relationships between the outcrops of the Rastenberg type intrusions and the pegmatites. The area of the pegmatites investigated during this study is more than 10 km away from the intrusion of Rastenberg and there are no indications of an intrusive body in the subsurface of the investigated area (see also section in Fig. 1) . Thus, it is not confirmed that the pegmatites crystallised from granitic-pegmatitic melts that evolved by fractionation from granitic parent melts, e.g. from the Rastenberg plutonic suite. Alternatively, they may represent relatively small volumes of decompression melts that did not move very far and that crystallised without passing through a stage of fractionation in a large granitic body. Such a pegmatite genesis was also proposed by Martin & De Vito (2005) and discussed by Simmons & Webber (2008) . This speculation is supported by the occurrence of the pegmatites within partly migmatised gneisses of the Gföhl nappe and of the Drosendorf unit which experienced temperatures .700 C (Petrakakis, 1997) . The migmatisation is related to decompression of the upper amphibolite to granulite facies Moldanubian nappes during the exhumation after the metamorphic peak of the Variscan tectono-metamorphic event (Petrakakis et al., 1999) . Abyssal pegmatites, which are related to anatectic processes, are common constituents of high-grade rocks in the Moldanubicum of the Bohemian Massif (Cempírek & Novák, 2007) .
Conclusions
Coloured (brown, pink, green) tourmalines from three pegmatites from the Moldanubian nappes can be classified as fluor-schorl, schorl, foitite, magnesiofoitite, olenite and ''fluor-elbaite'' with varying Li (up to $1.2 wt% Li 2 O), F (up to $1.6 wt%) and Mn contents (up to $4.8 wt% MnO). These tourmalines are associated with quartz, plagioclase, microcline, garnet (spessartine-almandine), muscovite, biotite (annite), very rare lepidolite, apatite, monazite-(Ce), xenotime-(Y), allanite-(Ce) and zircon.
These tourmalines have ,T-O. distances varying from 1.614 to 1.623 Å . There is a positive correlation between the ,T-O. and ,Z-O. bond lengths in tourmalines in which the Z site is only occupied by Al (R 2 ¼ 0.617). By using the relation [,Z-O. calc. ¼ ,Z-O. meas. þ 1.9078 Å -(,T-O. meas. þ 1.0439 Å )/1.3961], the ,Z-O. bond length can be corrected for the inductive effect of the varying ,T-O. bond length. This is important to produce accurate site assignments of the crystal chemical tourmaline formula, particularly for samples with Al-Mg disorder between the Y and the Z site. Such disorder is believed to be essentially dependent on the availability of Mg, on the temperature during tourmaline crystallisation (Ertl et al., 2008b) , as well as on stereochemical constraints (Bosi, 2011) .
Tourmaline is a common phase in the investigated pegmatites. It is likely that the crystallisation of tourmaline phases depleted the melt in boron and hence removed a fluxing component. Such a chemical quenching could initiate a rapid crystallisation of the pegmatitic components because the melt is no longer fluxed by that component (Simmons & Webber, 2008) . This would be in agreement with the observation of tapered tourmaline crystals in the Königsalm and Maigen pegmatites.
The crystallisation age of the Maigen pegmatite is 339 AE 4 Ma, whereas that of the Königsalm pegmatite is 332 AE 3 Ma. These ages are in agreement with those from other pegmatites in the Moldanubian nappes, which are in the range of 330-340 Ma.
The time interval between 330 and 340 Ma covers only the earliest intrusions of the South Bohemian pluton, which are represented by the Rastenberg type durbachites. Melt generation of these intrusions is related to processes in the 712 A. Ertl et al. mantle, and they crystallised at about 335 Ma (Holub, 1997; Klötzli et al., 1999; Janoušek et al., 2003) . Even if the e Nd values of the pegmatites from Maigen and Königsalm are in accord with those of the Rastenberg type durbachites, those of other pegmatites are not, and there are no spatial relationships of the durbachites and the pegmatites. Therefore it is doubtful that the pegmatites evolved as differentiated melts from the Rastenberg type durbachites. Alternatively, and in our opinion more likely, the pegmatitic melts may have formed by decompression melting of the hosting country rocks that are represented by the partly migmatised gneisses of the Gföhl nappe and the Drosendorf unit. In this case, the formation of the pegmatites would be related to the exhumation of the Moldanubian nappes after the peak of the Variscan metamorphic cycle at about 340 Ma.
